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Using angle-resolved photoemission spectroscopy (ARPES) and density functional theory (DFT)
we study the electronic structure of layered BaZnBi2. Our experimental results show no evidence of
Dirac states in BaZnBi2 originated either from the bulk or the surface. The calculated band structure
without spin-orbit interaction shows several linear dispersive band crossing points throughout the
Brillouin zone. However, as soon as the spin-orbit interaction is turned on, the band crossing points
are significantly gapped out. The experimental observations are in good agreement with our DFT
calculations. These observations suggest that the Dirac fermions in BaZnBi2 are trivial and massive.
We also observe experimentally that the electronic structure of BaZnBi2 comprises of several linear
dispersive bands in the vicinity of Fermi level dispersing to a wider range of binding energy.
A. INTRODUCTION
Discovery of topological insulators with Dirac fermions
at the surface [1] initiated an intense search of topolog-
ical phases having Dirac [2–8] and Weyl fermions in the
bulk [9–21]. All these systems have potential applica-
tions in topological quantum computations [22], spin-
tronics [23, 24] and topotronics [25]. The Dirac fermions
emerging in three dimensional band crossings are usually
protected by both the time-reversal and crystal symme-
tries. These bulk Dirac fermions are characterized by a
four-fold degeneracy at such crossing point [2, 3, 26]. On
the other hand, the Weyl fermions, being formed due to
breaking of either time-reversal or inversion crystal sym-
metry, are characterized by a two-fold degeneracy[27, 28].
When symmetry protection of the band crossings disap-
pears, a gap opens and the system becomes topologically
trivial.
Materials of the type AMnB2 (A=Ca, Sr, Ba, Eu, Yb;
B=Bi and Sb) are widely known for possessing the Dirac
fermions near the Fermi level [28–43]. Origin of these
Dirac states was understand by considering the main
structural constituent of these materials - a square net
of Bi atoms. The strong hybridization results in a large
bandwidth with large portions of linear dispersions. If
there is a reason for folding of such electronic structure,
e.g. doubling of the unit cell in real space, the linear dis-
persions start to cross resulting in a multitude of Dirac
crossings in the Brillouin zone [28]. However, in many
cases such crossings are gapped out by the spin-orbit in-
teraction [29, 33, 35, 36, 41, 42, 44–46]. In some mate-
rials the non-trivial phases can still be observed despite
the gapped Dirac states [47, 48].
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Furthermore, these compounds show unsaturated lin-
ear magnetoresistance under the external magnetic fields
which are attributed to the Dirac fermions [49, 50] or to
the proximity of long range magnetic ordering [40, 51].
Interestingly, isostructural to AMnBi2, BaZnBi2 is a non-
magnetic compound but yet shows linear magnetoresis-
tance [52]. Despite the property of linear magnetoresis-
tance in BaZnBi2, the presence of Dirac states near the
Fermi level in this system is not yet established. While
some studies do not find evidence of the Dirac states
[52, 53], the other ones report the existence Dirac states
[54] in this system. Since BaZnBi2 is a nonmagnetic sys-
tem and yet shows the linear magnetoresistance, it is an
ideal system to examine the relation between the linear
magnetoresistance, the magnetism, and the possible ex-
istence of the Dirac states.
In this paper, we report the low-energy electronic
structure of BaZnBi2 studied using the high-resolution
angle-resolved photoemission spectroscopy and the den-
sity functional theory calculations. Our experimental re-
sults show no evidence of bulk or surface Dirac states
near the Fermi level in this system. However, we do ob-
serve several linear dispersive band crossing points near
the Fermi level when calculated without including the
spin-orbit interaction. On the other hand, these band
crossing points are gapped out as soon as the spin-orbit
interaction is turned on. Thus, our results suggest that
the Dirac states in BaZnBi2 are trivial and massive, anal-
ogous to the Dirac states in graphene [55–57]. Neverthe-
less, despite the gap opening at the nodes, there exist
several linear dispersive bands crossing the Fermi level
as seen from our experimental data.
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Figure 1. (a) Tetragonal crystal structure of BaZnBi2. (b)
Calculated bulk band structure without SOC (top panel) and
with SOC (bottom panel). (c) 3D view of the Brillouin zone
with projected surface 2D Brillouin zone on the top. (d) 3D
Fermi surface obtained with SOC. (e) Experimental measur-
ing geometry in which the s and p polarized lights are defined
with respect to the scattering plane (SP) and the analyzed
entrance slit (ES).
B. EXPERIMENTAL DETAILS
Single crystals of BaZnBi2 were synthesized by the self-
flux method. The elements of Ba, Zn and Bi were mixed
in the composition of BaZnBi6 and then was placed in
an alumina crucible, which in turn was sealed inside the
evacuated quartz tube. The whole setup was heated to
1000◦C and held at that temperature for 10 hours, and
then slowly cooled to 400◦C at rate of 2◦C/h. Excess
flux was removed by centrifugation at this temperature.
The remaining Bi flux residue was removed by cleav-
ing the crystal. ARPES measurements were performed
in the Diamond light source at I05 beamline which is
equipped with SCIENTA R4000 analyzer. During the
measurements the sample temperature was kept at 5 K.
The energy resolution was set between 10 and 20 meV
depending on the incident photon energy and the angle
resolution was set at 0.3◦.
C. BAND STRUCTURE CALCULATIONS
Bulk band structure calculations were performed us-
ing density functional theory (DFT) within the gener-
alized gradient approximation (GGA) of Perdew, Burke
and Ernzerhof (PBE) exchange and correlation poten-
tial [58] as implemented in the Quantum Espresso sim-
ulation package [59]. Norm conserving scalar relativistic
and fully relativistic pseudopotentials were used to per-
form the calculations without spin-orbit coupling (SOC)
and with SOC, respectively. The electronic wave func-
tion is expanded using the plane waves up to a cutoff
energy of 50 Ry (680 eV). Brillouin zone sampling was
done over a 24 × 24 × 10 Monkhorst-Pack k-grid. The
slab calculations are performed using the DFT within the
fully relativistic GGA approximation as implemented in
the Full Potential Local Orbital band structure package
(FPLO) [60]. To obtain the surface states, we projected
the Bloch wave functions onto the atomic-like Wan-
nier functions, and constructed the tight-binding model
Hamiltonian. Then the tight-binding model was mapped
onto a slab geometry.
D. RESULTS AND DISCUSSIONS
Figure 1 shows the calculated bulk band structure
of BaZnBi2. Top panel in Fig. 1 (b) shows the elec-
tronic structure calculated without spin-orbit interaction
and the bottom panel in Fig. 1 (b) shows the electronic
structure calculated with SOC. Fig. 1 (d) depicts the 3D
view of the Fermi surface obtained under SOC. As can
be noticed in Fig. 1 (b), there exist several band crossing
points (Dirac points) in the vicinity of the Fermi level as
highlighted by the red circles in the electronic structure
calculated without SOC. However, all of them are gapped
out as soon as the SOC is turned on in the calculations
as shown in the bottom panel of Fig. 1 (b). Important
to notice here that our DFT calculations show no bulk
Dirac states at the X point. We will further discuss this
point at a later stage.
To further examine whether there exists any Dirac
fermions originated from the surface, we performed slab
calculations on two different top Bi layers as demon-
strated in Fig. 2 (a). In this compound it is possible
to have different Bi layers on the sample surface with
different cleavages. As shown in Fig. 2 (a), termination1
(T1) leaves out the Bi12 layer on top of the sample sur-
face that is bonded with the bottom Zn layer, the ter-
mination2 (T2) leaves out the Bi22 layer on top of the
sample surface after breaking the bonds with Zn layer,
and the termination3 (T3) leaves out the Bi1 layer on top
of the sample surface which is an isolated layer. Thus,
the top Bi surface layers produced with T1, T2, and T3
cleavages are different from each other. Specifically, the
T2 cleavage produces a polar surface due to Bi-Zn bond
breaking. The other two cleavages, T1 and T2, produce
neutral surface. Since during the experiment getting one
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Figure 2. Slab calculations performed on BaZnBi2 including SOC. (a) Shows the supercell of BaZnBi2 in the b− c plane (left
panel), termination1 (T1) leaves out the Bi12 layer on the top of the sample surface (middle panel), the termination2 (T2) leaves
out the Bi22 layer on the top of the sample surface (middle panel), and the termination3 (T3) leaves out the Bi1 layer on the top
of the sample surface (right panel). (b) Surface sates obtained after T1 cleavage. (c) Surface sates obtained after T2 cleavage.
(d) Surface sates obtained after T3 cleavage. (d) Orbital resolved surface states are shown in the X-M high symmetry line
after T2 cleavage.
of these three surface Bi layers has equal chances, we
performed slab calculations for all Bi12, Bi
2
2, and Bi1 sur-
face layers. Corresponding slab calculations are shown in
Figs. 2 (b),(c), and (d) after T1, T2, and T3 cleavages, re-
spectively. Here black colored band structure represents
the bulk and the red colored band structure represents
the surface. Fig. 2 (e) shows the orbital resolved sur-
face states with T2 cleavage. From Figs. 2 (b)-(d) it is
evident that the different terminations (T1, T2, & T3)
lead to an entirely different set of surface states, more
specifically, the difference in the surface states is sub-
stantial near the M point. Furthermore, one can notice
from Fig. 2 (d) that all the surface states near the Fermi
level are mainly contributed by the Bi-2p orbital char-
acters. Most importantly, our slab calculations also do
not predict any noticeable surface Dirac states at the X
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Figure 3. ARPES data of BaZnBi2. (a) Fermi surface maps
taken with different photon energies (70 and 100 eV) and po-
larizations (s and p). (b) and (c) are the energy distribution
maps (EDM) taken along the cuts 1 and 2 (left panel) and
corresponding second derivative (right panel) using p and s
polarized photons, respectively, along the Γ−X high symme-
try line. (d) Shows EDMs taken along the cuts 3, 4, and 5
from left to right, respectively. (e) Shows respective second
derivatives of (d).
point.
Figure 3 shows the ARPES data of BaZnBi2. Fig. 3(a)
depicts Fermi surface maps measured with a photon en-
ergy of 100 eV using p-polarized light (left panel)and s-
polarized light (middle panel). Similarly, the right most
panel in Fig. 3(a) shows the FS map measured with a
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Figure 4. (a) Fermi surface map taken along the X −M
orientation in the ky−kz plane. (b) Photon energy dependent
momentum distribution curves (MDCc) extracted from (a)
around the Fermi level with an energy integration of 15 meV
. (c) Photon energy dependent EDMs. In the figure, the red
dashed lines represent linear dispersive bands, while the green
dashed curves represent the quadratic bands.
photon energy of 70 eV using s-polarized light. Energy
distribution maps (EDMs) measured along the cuts 1 and
2 [as shown on the FS maps in Fig. 3 (a)] and their corre-
sponding second derivatives are shown in Fig. 3 (b) and
(c), respectively. Similarly, the EDMs along the cuts 3-5
and their corresponding second derivatives are shown in
Fig. 3(d). As can be seen from Fig. 3(a), the Fermi sur-
face consists of several square shaped outer Fermi sheets
and circle shaped inner Fermi sheets around the Γ point.
From the EDM cut taken along Γ − X orientation as
shown in Fig. 3(b) and (c), we could resolve three hole-
like, h1, h2 and h3, linear band dispersions crossing the
Fermi level at the Γ point and two electron-like, e1 and
e2, linear dispersions crossing the Fermi level at the X
point. Similarly, from the EDM cut 3 [left panel in Fig. 3
(d)], we could resolve one linear dispersive hole-like band,
h3, whose band top is just touching the Fermi level. From
the EDM cut taken along the X −M orientation [mid-
dle panel in Fig. 3 (d)] two electron-like,e1 and e2, linear
band dispersions are noticed at the X-point. From the
EDM cut taken along the Γ−M orientation [right most
panel in Fig. 3 (d)] we could observe the upper cone of
the gapped Dirac states as shown by the white dashed
lines. As can be seen in the figure [right most panel in
Fig. 3 (d)], it is very clear that there is a gap in the
place of lower part of the Dirac cone, consistent with our
5DFT calculations performed with SOC. We further es-
timated the mass enhancement factor of the upper cone
of the gapped Dirac states to
m∗SO
m = 1.4 by using our
calculated band structure. Thus, the Dirac states are
acquiring mass under the spin-orbit interaction.
Although experimentally we did not find any evidence
for the Dirac states in this system, Ref. 54 showed the
Dirac states near the X point and as well along the
Γ − M orientation in their ARPES data. In order to
verify this more carefully and to further elucidate nature
of the states near the X point, we performed photon en-
ergy dependent measurements in the range of 65 eV to
100 eV taken in steps of 3 eV using p polarized light
along the Γ −X high symmetry line as shown in Fig. 4.
Fig. 4 (a) depicts the Fermi surface map measured in
the ky − kz plane. From Fig. 4 (a) we can resolve two
Fermi sheets shown by the red dashed lines on the FS
map. Photon energy dependent momentum distribution
curves are shown in Fig. 4 (b). To further elucidate the
kz dependent band structure at the X-point we showed
EDMs as function of photon energy in Fig. 4 (c). From
Figs. 4 (a)-(c) it is clear that the outer-electron pocket
shows no kz dispersion, while the inner-electron pocket
shows a significant change in the momentum vector in
going from 65 eV to 100 eV photon energy. Our careful
analysis of the band structure as a function of photon en-
ergy shows no evidence of Dirac states in the kz direction
at the X point. Comparing more rigorously our experi-
mental data with that of Ref. 54 to resolve the discrepan-
cies on the presence of Dirac states near the X point, in
Ref. 54 the Dirac states are concluded based on finding
one upper and one lower band with a speculated Dirac
node at around 200 meV. However, from our high reso-
lution ARPES data we clearly see two linearly dispersive
upper states [see Figs. 3(d), (d) and Fig. 4], e1 and e2,
whose band bottoms are at approximately 200 meV and
900 meV below the Fermi level, respectively. Further,
we found two lower bands whose band tops are at 700
meV and 1 eV, respectively. Importantly, one of the two
lower bands whose band top is at 700 meV is a parabolic
band. Thus, our experimental data completely rule out
the existence of Dirac states near the X point in this sys-
tem. Also it is worth mentioning here that, neither our
DFT calculations did predict them. We further noticed
clearly that the gapped out Dirac states from the EDM
measured along the Γ −M direction [see white dashed
lines in the right most panel of Fig. 3(d)], again in con-
trast to the observations made in Ref. 54 we did not find
any clear evidence on the presence of Dirac states. Thus,
our experimental observation on the absence of gapless
Dirac states in this compound is in very good agreement
with previous reports on this system [52, 53].
As we systematically demonstrated above, our experi-
mental results show no evidence of gapless Dirac states in
this compound originated either from the bulk or the sur-
face. However, we noticed several linear dispersive bands
crossing the Fermi level near the Γ and X high symmetry
points. This observation is also consistent with the pre-
vious reports on AMnBi2 type compounds [28, 35, 61],
in which the linear dispersive bands crossing the Fermi
level have been reported by both the ARPES studies and
DFT calculations. Moreover, the Dirac states are gapped
out in AMnBi2 type compounds under the spin-orbit in-
teractions, much like the case in BaZnBi2 [29, 34, 35].
This large overlapping of the band structure between
BaZnBi2 and AMnBi2 are suggesting that both share
a common mechanism for the presence of Dirac states
as predicted from the DFT calculations, that is the Bi
square net present in both systems. At the same time,
these Dirac states are gapped out at the Dirac node in
both compounds with the spin-orbit interactions. Thus,
in these magnetic AMnBi2 and nonmagnetic BaZnBi2,
the electronic structure is largely governed by the crystal
structure rather than by the magnetic ordering although
there is non-negligible magnetic effect on the band struc-
ture [36, 38, 40].
Next, BaZnBi2 is known to show a large linear magne-
toresistance under the external magnetic fields [52–54].
This property is attributed to the electron-hole compen-
sation [52] and the linear dispersive Dirac states [54].
The charge compensation theory is widely applied for
understanding the quadratic field dependent magnetore-
sistance in the bulk crystals [62]. On the other hand, from
our experimental data we found no evidence of massless
Dirac states in this compound. Hence, the Dirac states
can not be the reason behind the observed linear magne-
toresistance in this compound. As noticed from our ex-
perimental data and well from the slab calculations, there
exist several linear dispersive bulk and surface states near
the Fermi level dispersing to a wider range of binding en-
ergy (see Figs. 3 and 4). Perhaps, these linear dispersive
bulk and surface states in the vicinity of the Fermi level
could be a reason behind the observed linear magnetore-
sistance [63, 64] in this compound. The same explanation
maybe is true also for the recorded linear magnetoresis-
tance in the AMnBi2 type compounds [31, 32, 41, 45].
In conclusion, we examined the low-energy electronic
structure of BaZnBi2 by means of ARPES and DFT cal-
culations. Our experimental results show no evidence
bulk or surface massless Dirac states near the Fermi level
in this system. However, we do notice several linear dis-
persive bands crossing the Fermi level at both the Γ and
X high symmetry points. The bulk band structure ob-
tained with DFT calculations without SOC shows several
linear dispersive Dirac states. However, all these Dirac
states are gapped out and acquire a significant mass as
soon as the SOC is turned on. Thus, our results suggest
that the Dirac states predicted in this system are trivial
and massive. Since experimentally we could not find the
massless Dirac states in this compound, the observed lin-
ear magnetoresistance may have a different origin rather
than the proposed Dirac states.
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